Introduction
As one of the largest carbon fluxes in terrestrial ecosystems, soil respiration has received renewed attention in recent decades due to the concerns over its potential feedback to future climate change (Trumbore, 1997; Valentini et al., 2000; Bond-Lamberty and Thompson, 2010) . It is generally accepted that rising temperature would accelerate CO 2 release from soils, which in return reinforces anthropogenic warming (Cox et al., 2000; Luo, 2007) . Both climate models and satellite observations suggested change in precipitation patterns in the warm climate (Easterling et al., 2000; IPCC, 2007; Allan and Soden, 2008) . However, our studies of precipitation impacts on soil respiration have not generated a definite conclusion. Precipitation manipulation experiments showed variable effects on soil respiration in different ecosystems (Borken et al., 2006; Zhou et al,. 2006; Sotta et al., 2007; Davidson et al., 2008; van Straaten et al., 2010 van Straaten et al., , 2011 Cleveland et al., 2010; Talmon et al., 2011) , and hence extensive research is necessary to make an accurate assessment of its global impacts.
The release of CO 2 in soils is almost entirely from root respiration and microbial decomposition of organic matter (Rustad et al., 2000; Hui and Luo, 2004; . Root activity and microbial decomposition are often subject to both environmental factors and substrate changes related to phenological processes (Orchard and Cook, 1983; Davidson et al., 1998; Högberg et al., 2001; Luo et al., 2001; Campbell et al., 2004; Curiel Yuste et al., 2004 Gaumont-Guay et al., 2006) . Global and regional earth system modeling studies have identified temperature and moisture as major factors regulating soil respiration in terrestrial ecosystems (Raich and Potter, 1995; Davidson et al., 1998; Reichstein et al., 2003; Gaumont-Guay et al., 2006; Heimann and Reichstein, 2008; Medvigy et al., 2010; Falloon et al., 2011) . When effects of soil temperature and moisture on soil respiration are simultaneously described, it is often assumed that their individual effects are plus, minus, and multiplicative (i.e., the product of two functions, one for each of the two variables) with the expectation that the temperature sensitivity is independent of soil moisture (e.g., Bunnell et al., 1977; Fang and Moncrieff, 2001; Reichstein et al., 2002; Luo and Zhou, 2006; Jassal et al., 2008; see Table 1 ). Altered precipitation may influence soil respiration through the direct effects of soil temperature and moisture change on plant and microbial activities, and/or by the indirect modification of model function (defined as changes in model parameters of soil respiration with soil temperature and moisture, or both) associated temperature and moisture sensitivity of soil respiration. Shift of soil temperature/moisture sensitivity could be also attributed to the changes in phenological process, substrate or microbial activity (Zogg et al., 1997; Luo et al., 2001; Zhang et al., 2005; Noormets et al., 2008; Deng et al., 2012) .
Numerous studies have focused on the responses of soil respiration to soil temperature. While many empirical models have been developed to relate field-measured soil respiration and temperature (e.g., Lloyd and Taylor, 1994; Davidson et al., 2000; Luo and Zhou, 2006) , the Q 10 model (R = R 0 exp(bT ), where R is soil respiration, T soil temperature, and parameter R 0 basal soil respiration when T =0, and b is related to soil temperature sensitivity (Q 10 = exp(10b)) still remains the most widely used one (e.g., Cox et al., 2000; Bond-Lamberty and Thompson, 2010 ; see section 1 in the Table 1 ). Both experimental and modeling studies have shown that temperature sensitivity of soil respiration varied seasonally (Lloyd and Taylor, 1994; Xu and Qi, 2001) , and decreased under warming treatment (Luo et al., 2001; Conant et al., 2008) . Moreover, reported the "intrinsic" temperature sensitivity acts this way from basic biokinetics. Thus, many ecosystems and global models tried to use variable Q 10 values with temperature (Lloyd and Taylor, 1994) . Several authors indicated that seasonal variation of temperature sensitivity was also associated with soil moisture (Xu and Qi, 2001; Curiel Yuste et al., 2003; Almagro et al., 2009 ), but the results were mostly based on the observations of seasonal variation, which may often be confounded by other factors such as temperature and phenological processes (Luo et al., 2001; Curiel Yuste et al., 2004; Wang et al., 2010) . Direct evidence of the precipitation impacts on temperature sensitivity under precipitation manipulations is still lacking Jassal et al., 2008; Craine and Gelderman, 2011; Suseela et al., 2012) .
Unlike temperature, no convincible and agreeable conclusions have been drawn for the response of soil respiration to soil moisture. In general, soil respiration increases with the rising of soil moisture when soil water holding capacity is still in its lower stage, but will slow down or decrease when soil moisture increases to some degree (Ilstedt et al., 2000; Hui and Luo, 2004; Deng et al., 2011) . In practice, however, probably due to the confoundedness by the seasonal correlation between soil moisture and temperature, or phenological processes, the relationships between field-measured soil respiration and soil moisture can been derived using either linear, logarithmic, hyperbolic or quadratic equation in different ecosystems ; see section 2 in the Table 1 ). These empirical models were often thought to be capable of extrapolating soil respiration variations under the future climate change (Falloon et al., 2011) . It is still unclear whether the soil moisture functional coefficients, or soil moisture sensitivity, could remain constant under climate change, particularly precipitation treatments (Hui and Luo 2004; Liu et al., 2009; Misson et al., 2010) .
While most studies of precipitation manipulation experiments were performed in either tropical and temperate forests or arid grasslands, little emphasis has been put on subtropical forest ecosystems (Borken et al., 2006; Zhou et al., 2006; Scott et al., 2007; Davidson et al., 2008; van Straaten et al., 2010 van Straaten et al., , 2011 Cleveland et al., 2010; Talmon et al., 2011) . To our knowledge, there is no such experiment that has been conducted in China. Being favored by the subtropical monsoon, the climate in southern China is abundant in heat, light, and water resources from April to September annually (Ding et al., 2001) . Because of its unique climate regime, moist subtropical forests spread out in southern China, generate a moisture gradient and experience more pronounced dry season compared to the tropical forests . The strong seasonal variation of precipitation amount and varying moisture among forest soils provide an excellent opportunity for studies of how soil respiration responds to altered precipitation under different moisture conditions. In addition, long-term observation records in southern China showed that seasonal precipitation pattern and intensity have varied drastically in the past three decades, and the forest soil moisture
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has decreased significantly . Model simulations in this region suggested an increasing chance of serious drought in the dry season and extreme flood in the wet season in the future . The changing precipitation pattern may have a significant impact on the soil carbon emission of subtropical forests in southern China, but it has not been well studied.
We conducted a precipitation manipulation experiment in subtropical forests in southern China to study the responses of soil respiration to altered precipitation. We selected three common forests along a moisture gradient at the Dinghushan Nature Reserve (DNR), established three precipitation treatments in each forest site, and measured soil respiration. Precipitation was controlled automatically through interceptionredistribution systems to establish precipitation exclusion (EP), double precipitation (DP) treatments in addition to the ambient precipitation (AP) as a control (Borken et al., 2006; Zhou et al., 2006) . Previous work in these forest sites has shown significant exponential relationships of soil respiration with soil temperature, and significant positive linear relationships of soil respiration with soil moisture even though soil moisture was relatively high in the region . However, precipitation manipulation with increased precipitation had no effects on soil respiration in two of the three forest sites (Deng et al., 2012) . We suspected that such equally strong effects were probably due to high seasonal correlation between soil moisture and temperature or phenological processes. In this study, we focused on the seasonal responses of soil respiration to altered precipitation in the three subtropical forest sites, and fitted respiration measurements to both soil temperature and moisture for each season. We hypothesized that precipitation treatments would alter soil respiration though the effects of moisture change on plant and microbial activities. Moreover, we would test whether the responses of soil respiration to precipitation alteration varied seasonally and differed among the three forest sites. Associated with shifts in plant and microbial activities, we further hypothesized that altered precipitation would lead to functional change, and in turn modify soil moisture/temperature sensitivity in the three forest sites. More specifically, we expected that the responses of soil temperature/moisture sensitivity to precipitation treatments varied seasonally and differed among the three forest sites.
Materials and methods

Site description
This study was conducted at the Dinghushan Nature Reserve (DNR), located in the center of Guangdong Province in southern China (112 • 13 39 -112 • 33 41 E, 23 • 09 21 -23 • 11 30 N). Climate in the region is typical south subtropical monsoon climate, with mean annual temperature of 21.4 • C, and total annual precipitation of 1956 mm, of which nearly 80 % falls in the hot-humid wet/rainy season (AprilSeptember) and 20 % in the dry season (October-March) (Wu et al., 1982) . The bedrock is sandstone and shale. Soils are classified as Oxisols with a pH of 4.0-4.9.
Three common subtropical forest sites (at elevations ranging from 150 to 300 m, less than 500 m from one another and facing the same slope direction) at the DNR were selected including a coniferous Masson pine forest (PF), a conifer and broadleaf mixed forest (MF), and a monsoon evergreen broadleaf forest (BF). The three forest sites also represented forests in early, mid-, and advanced successional stages in the region (Peng and Wang, 1995) . The PF (approximately 22 ha), originally planted by local people in the 1950s, was dominated by Pinus massoniana in the tree layer and Baeckea frutescens, Rhodomyrtus tomentosa, and Dicranopteris linearis in the shrub and herb layers. The MF (approximately 557 ha) was developed from artificial pine forest with a gradual invasion of some pioneer broadleaf species through natural succession. (Wang and Ma, 1982; Shen et al., 2001) . Stand characteristics of the three forest sites have been reported in Deng et al. (2012) .
Experimental design
We used a two-factor experimental design considering forest ecosystem type and precipitation treatment. At each forest site, a randomized block design was used with three blocks. In each block, three precipitation treatments were randomly arranged. From November 2006, precipitation in the precipitation exclusion (EP) plots was intercepted using transparent polyvinyl chloride (PVC) sheer roof (Borken et al., 2006) and was redistributed to the double precipitation (DP) plots using pipes similar to those used in Zhou et al. (2006) . The control that received ambient precipitation (AP) was built next to these treatment plots in each forest site. Each plot was 3 × 3 m 2 , and the distance between plots was more than 1 m. In order to minimize the washing effect of double rainfall, the pipes in the DP plots were close to soil surface and the distance between the pipes and the soil surface is only 5 cm. Around each EP plot, the thick PVC panels were inserted at the top 15 cm soil layer to prevent surface runoff and lateral movement of water from the outside surrounding soil. As precipitation interception roofs prevented litterfall in the EP plots, we collected litterfall from nearby plots with the same area and evenly distributed to the EP plots after each measurement of soil respiration. 
Kucera and Kirkham (1971) R = R 10 + a(T + 10) 2 Holthausen and Caldwell (1980) R = 1/(a + b −((T −10)/10) ) Jenkinson (1990) Section 2: Moisture functions
Mielnick and Dugas ( Reichstein et al. (2002) R is soil respiration (µmol CO 2 m −2 s −1 ); R 0 and R 10 are basal soil respiration when T = 0 and 10 • C, respectively; T is soil temperature ( • C); M is volumetric soil moisture (% vol.); W is gravimetric soil moisture (g kg −1 ); ψ is soil water potential; f (M) and f (T ) are the functions of soil respiration with temperature and moisture, respectively; E is defined as the activation energy (kJ mol −1 ); r is universal gas constant (8.314 J mol −1 K −1 ); a, b, c and d are the functional coefficients.
Soil respiration, temperature and moisture measurements
Five PVC soil collars (80 cm 2 in area and 5 cm in height) were permanently installed 3 cm into the soil in each plot in November 2006. The distance between adjacent collars was more than 50 cm. Soil respiration was measured three times a month in 2007 using a Li-6400 infrared gas analyzer (Li-COR, Inc., Lincoln, Nebraska, USA) connected to a Li-6400-09 soil respiration chamber (9.55 cm diameter) (Li-COR, Inc., Lincoln, Nebraska, USA). The measurements were made between 9.00 a.m. and 12.00 a.m. local time. Previous work at the DNR forests has demonstrated that soil respiration measured during this period was close to daily mean . In order to ensure the measuring stability of the instrument, soil respiration was measured three times for each soil collar. Once the soil respiration values in the three time measurements vary greatly and no obvious disturbance was found, we would calibrate the instrument and measure again. Soil respiration in a collar was calculated as the mean of three time measurements. Soil respiration in a treatment plot was calculated as the mean of five collar measurements (the measurement at five collars in a plot mostly differed by less than 5 % at any measurement period). Soil temperature at 5 cm below the soil surface was also monitored with a thermocouple sensor attached to the 
Modeling soil respiration with soil temperature and moisture
Previous work at the DNR forests demonstrated that soil respiration increases exponentially with soil temperature and linearly with soil moisture Deng et al., 2010 Deng et al., , 2012 . In this study, we focused on the seasonal responses of soil respiration to altered precipitation in the three subtropical forest sites, and fitted soil respiration (R) to both soil temperature (T ) and moisture (M) for each season. To develop the best regression model of soil respiration with soil temperature and moisture in the three subtropical forest sites, we conducted a thorough review of soil respiration models and fitted these univariate and bivariate models (Table 1) . We evaluated these models using the coefficient of determination (R 2 ) and bias in the distribution of the residues. The results indicated that either
or
was the best regression model (Table A4) . Thus, we fitted all data using these two regression equations. Model parameter b 1 and b 2 are related to temperature sensitivity, and the Q 10 value can be estimated as Q 10 = exp(10b 1 ) or exp(10b 2 ). For soil moisture sensitivity, the parameter c 1 can be considered as soil moisture sensitivity in Eq. (1), as it reflects a relative change in soil respiration due to one unit change of soil moisture. In Eq. (2), we first estimated optimum soil moisture as
Similar to the Q 10 value, we defined two soil moisture sensitivities as
, where T 0 is average soil temperature. We further used t test to determine the difference of the functional coefficients, as well as soil temperature and moisture sensitivity between seasons and among forest sites and precipitation treatments.
Soil microbial biomass and fine root biomass measurements
To determine soil microbial biomass carbon, soil samples (0-20 cm depth) were collected in February, May, August and November of 2007. Each time, two samples of six cores (2.5 cm diameter) were randomly collected from each plot in the three forest sites. After removing roots and plant residues, the composite samples were immediately sieved through a 2 mm mesh sieve. The soil microbial biomass carbon was calculated using the fumigation-extraction method (Vance et al., 1987) . To measure fine root biomass (diameter ≤ 3 mm), we also randomly collected soil corns (0-20 cm depth) in February 2007 using a 10 cm diameter stainless-steel corer, and three more times in April, August and October of 2007. Each time, two samples were randomly collected from each plot in the three forest sites. The fine roots were separated by washing and sieving, dried at 60 • C for 48 h and weighed.
Statistical analysis
Soil respiration and soil temperature in a plot were calculated as the means of five collar measurements. Soil moisture was calculated as the mean of five measurements at random locations in a plot. We used the repeated measure analysis of variance (ANOVA) to test the differences in soil respiration rate, soil temperature and soil moisture among forest sites, precipitation treatments, and seasons. Tukey's multiple comparison test (HSD, honestly significant difference) was conducted if significant effects of forest ecosystem types, precipitation treatments or seasons were found. Similar ANOVAs were also used to test the differences in fine root and soil microbial biomass among forest sites, precipitation treatments, and seasons. Tukey's multiple comparison test (HSD) was conducted if significant effects of forest ecosystem types, precipitation treatments or seasons were found. For soil respiration models, linear and nonlinear regression methods were applied. All data analyses were carried out using the SAS software version 9.1 (SAS Institute Inc., Cary, NC, USA).
Results
Soil temperature and soil moisture
Among the three forest sites, soil in the PF was significantly warmer than those in the other two forest sites (p < 0.05). No significant difference in soil temperature was found between MF and BF (p > 0.05). In all the three forest sites, soil temperature in the dry season was significantly lower than those in the wet season (p < 0.05) (Fig. 1) . The mean values of soil temperature in the wet season were 24.7, 23.2 and 23.2 • C for the PF, MF and BF, respectively. Mean soil temperatures in the dry season were 18.7, 16.4 and 16.3 • C for the PF, MF and BF, respectively. Precipitation treatments did not significantly change soil temperature in all three forest sites (Tables 2 and 3) .
Among the three forest sites, soil in the PF was significantly dryer than those in the MF and BF (p < 0.05). No significant difference in annual mean soil moisture was found between MF and BF (p > 0.05). Soil moisture under the AP treatment also displayed a strong seasonal variation in all three forest sites (p < 0.05) (Fig. 1) . The mean values of soil moisture in the wet season were 22.0 % vol. for PF, 35.4 % vol. for MF and 36.0 % vol. for BF, respectively.
The mean values of soil moisture in the dry season were 9.4 % vol. for PF, 19.0 % vol. for MF and 17.8% vol. for BF, respectively. Soil moisture was significantly influenced by precipitation treatments (Table 2 ). Compared to the controls, soil moisture decreased under the EP treatments by about 58.6 % for PF, 43.2 % for MF and 44.4 % for BF, respectively, in the wet season, and about 34.0 % for PF, 25.7 % for MF and 23.8 % for BF, respectively, in the dry season (Table 3). The soil moisture increased under the DP treatment by approximately 3 % vol. in all three forest sites, compared to the controls (Table 3) .
Soil respiration
Among the three forest sites, soil respiration was significantly greater in the BF and MF than those in the PF (p < 0.05). There were no significant differences of soil respiration between the BF and the MF (p > 0.05). In all three forest sites, soil respiration in the wet season was significantly higher than those in the dry season (p < 0.05) (Fig. 1) . In the controls, mean soil respiration in the wet season was 2.79, 3.85 and 3.89 µmol CO 2 m −2 s −1 in the PF, MF and Soil respiration was influenced significantly by precipitation treatments, and varied among the three forest sites and seasons (Table 2 ). In the BF and MF, annual mean soil respiration was not significantly different between the DP and AP plots (Table 3) . Only in the PF, soil respiration increased by 18.0 % under the DP treatment (Table 3 ). The EP treatment decreased the soil respiration significantly in all three forest sites (Table 3) . Annual mean soil respiration rates under the EP treatment decreased by 25.9 %, 27.2 %, and 50.9 % in the BF, MF, and PF, respectively (Table 3) . Soil respiration in the dry season increased significantly with increasing precipitation treatments in all three forest sites (Fig. 2) . In the wet season, soil respiration was decreased by the EP treatment in all three forest sites (Fig. 2) . However, the DP treatment increased soil respiration by 19.2 % in the PF only (Fig. 2) .
Relationships of soil respiration with soil temperature and moisture
Similar to previous work at the DNR forest sites, soil respiration (R) was significantly related to soil temperature (T ) with an exponential function, and to soil moisture (M) with a linear regression model (Tables A1 and A2 ; Figs. A1 and A2). However, some residuals in the linear function with soil moisture exhibited non-linear behavior, especially in the wet season (Fig. A4) . Thus, we also developed non-linear regressions of soil respiration with soil moisture. Among all tested soil moisture models (Table 1) , the moisture function describing the quadratic distribution was selected (Table A3). Compared to the linear function, the quadratic function slightly improved model fitting and its residual distribution (Fig. A5 ).
Since soil temperature and moisture interactively regulated soil respiration in these sites, we further fitted soil respiration (R) with soil temperature (T ) and soil moisture (M) Table 3 . Mean annual values of soil temperature at 5 cm depth, soil moisture of the top 5 cm soil layer, soil respiration rate, fine root biomass and soil microbial biomass under ambient precipitation (AP), precipitation exclusion (EP) and double precipitation (DP) treatments from the broadleaf forest (BF), the mixed forest (MF) and the pine forest (PF) (mean ± standard error). Mean values in each forest site within a row with a different superscripted letter have significant treatment differences at α = 0.05 level. together. We tested different models in Table 1 and found that a combined exponential and linear function or a combined exponential and quadratic function was the best regression model (Reichstein et al., 2002; Deng et al., 2012 ; Table A4 ).
Including soil temperature and moisture into the soil respiration model significantly improved model fittings including higher coefficient of determination (R 2 ) and reduced bias in the distribution of the residue (Tables 4 and 5 ; Figs. A6 and A7). In both Eqs. (1) and (2), there were no significant differences of soil temperature sensitivity in the control among the three forest sites in the dry season (Tables 4 and 5 ). In the wet season, soil temperature sensitivity was significantly greater in the BF and MF than those in the PF (Tables 4 and 5 ). Soil moisture sensitivity in both dry and wet season was significantly greater in the PF than those in the BF and MF (Table 4 ; Fig. 3 ). There was no significant difference of soil moisture sensitivity between the BF and the MF (Table 4 ; Fig. 3 ). Soil moisture sensitivities in the wet season were significantly lower than those in the dry season in all three forest sites (Table 4; Fig. 3 ), but the soil temperature sensitivities showed an opposite trend (Tables 4 and 5) .
For precipitation treatments, the EP treatment significantly reduced temperature sensitivities of soil respiration, and increased soil moisture sensitivities in both the wet season and dry season in all three forest sites (Table 4 ; Fig. 3 ). The DP treatment in the wet season significantly decreased the temperature sensitivities in the BF and MF (Tables 4 and 5 ). In the dry season, there was no significant difference of temperature and moisture sensitivity of soil respiration between the DP and AP treatments in all three forest sites (Tables 4 and  5 ; Fig. 3 ).
Soil microbial biomass and fine root biomass
Among the three forest sites, fine root biomass was significantly greater in the BF and MF than those in the PF (Table 3). There were no significant differences of soil respiration between the BF and MF (p > 0.05). In all three forest sites, the fine root biomass was higher in the wet season than those in the dry season (Fig. 4) . Only in the PF, however, the season difference of the fine root biomass was significant (p < 0.05). The soil microbial biomass was greatest in the BF, compared to that in the MF and PF (Table 3) . In all three forest sites, soil microbial biomass was significantly higher in the wet season than those in the dry season (p < 0.05) (Fig. 4) . Table 5 . Several M 10, 2 values were not calculated because some of soil moisture in the plots is less than 10 % vol.
Both soil microbial biomass and fine root biomass were significantly influenced by precipitation treatments, and varied among the three forest sites and seasons (Table 3 ). In the wet season, the DP treatment increased fine root biomass and soil microbial biomass by 16.5 % and 20.9 %, respectively, in the PF (Fig. 4) . The EP treatment decreased fine root biomass and soil microbial biomass in all three forest sites ( Fig. 4 ; Table 3 ). In the dry season, both fine root biomass and soil microbial biomass showed significant increasing trend with increasing precipitation treatments in the three forest sites (Fig. 4) .
Discussion
Effects of precipitation treatments on soil respiration
In the past three decades, seasonal precipitation pattern and intensity in the region have varied drastically, and soil moisture in forest sites has decreased significantly . Many precipitation manipulation experiments have indicated that soil respiration often increased following water additions and decreased following precipitation exclusion (Harper et al., 2005; Borken et al., 2006; Zhou et al., 2006;  
Liu et al., 2009). Precipitation can influence soil respiration
mainly by altering soil moisture, in turn influencing root respiration and soil microbial decomposition (Davidson et al., 2000; Joffre et al., 20003; Williams, 2007) . Our results also showed soil respiration was responsive to altered precipitation through the effect of soil moisture on plant and microbial activities. In this study, the EP treatment decreased soil respiration significantly throughout the year in all three forest sites (Table 3 ; Fig. 2 ), accompanied by decreases in fine root and soil microbial biomass (Fig. 4) . For the DP treatment, the responses of soil respiration varied between seasons and differed among the three forest sites. The DP treatment in the BF and MF increased soil respiration in the dry season only (Fig. 2) . Even in the wet season, however, soil respiration in the PF showed a significant influence by the DP treatment (Fig. 2) . Similar result was also reported in other studies (Talmon et al., 2011) . In temperate grasslands, soil respiration responded to water addition at drier sites only (Risch and Frank, 2007) . In Mediterranean-type ecosystems, responses of soil respiration to precipitation manipulations varied with seasons and years, depending on respective precipitation amounts (Asencio et al., 2007; Chou et al., 2008) .
Results from a humid tropical forest indicated that soil respiration may be decreased under precipitation increase (Cleveland et al., 2010) . Different responses to the DP treatment between seasons and among the three forest sites might be attributed to differences in water status, soil condition and vegetation at these study sites. Being favored by the subtropical monsoon, subtropical forests in southern China often received an abundance of precipitation resources, of which nearly 80 % fall in the wet season (April-September) (Ding et al., 2001) . Therefore, soil moisture in these forests experiences a strong Table 4 . Relationships of soil respiration (R, µmol CO 2 m −2 s −1 ) with soil temperature (T , • C) and soil moisture (M, % vol.) using a combined exponential and linear function (R = (a 1 + c 1 M) exp(b 1 T ), where a 1 is parameter related to basal soil respiration when both T = 0 and M = 0; b 1 and c 1 are parameters related to the temperature and moisture sensitivities of soil respiration, respectively) under different seasons and precipitation treatments at the DNR forests (parameter estimate ± standard error). The treatments are as follows: precipitation exclusion (EP), ambient precipitation (AP), and double precipitation (DP). The forests are as follows: broadleaf forest (BF), mixed forest (MF), and pine forest (PF). R 2 is the coefficient of determination. Numbers in bold indicate the level of function fitting is significant (p < 0.05). Different superscripted letters in each forest site within a column denote significant difference (p < 0.05) among precipitation treatments. (Figs. 1 and 2 ). In particular, soils moisture in the BF and MF was relatively high in the wet season, so that root respiration and microbial decomposition may not be subject to water limitation. In these two forest sites, indeed, we found that the fine root and soil microbial biomass under the DP treatment increased significantly in the dry season, but not in the wet season (Fig. 4) . As a result, the DP treatment in the BF and MF did not increase soil respiration in the wet season. Soil in the PF contains more sand, less clay, and more gravel, and had lower ambient moisture content than those in the BF and MF. Trees in the PF were younger and smaller in biomass and leaf area index (LAI) . Therefore, unlike the other two forest sites, fine root and soil microbial biomass in the PF were low, and even in the wet season were responsive to precipitation increase. Accordingly, soil respiration under the DP treatment increased significantly throughout the year.
Effects of precipitation treatments on soil temperature and moisture sensitivities
The magnitude of soil respiration feedback to climate change depends largely on model function, in particular soil temperature and moisture sensitivities related to carbon supply (Kirschbaum, 2010; Suseela et al., 2012) . For example, in this study, the DP treatment increased soil respiration in the PF only (Table 3) , which was attributed to its higher soil moisture sensitivity than those in the BF and MF (Table 4 ; Fig. 3) . Similarly, the DP treatment increased soil respiration of the MF and BF in the dry season only, associated with their higher soil moisture sensitivity in the dry season (Table 4; Fig. 3 ). Shifts of plant and microbial activities under the precipitation treatments altered soil respiration, and might also modify soil temperature/moisture sensitivity (Zogg et al., 1997; Luo et al., 2001; Zhang et al., 2005; Noormets et al., 2008; Deng et al., 2012) . Our results on both combined functions confirmed that precipitation changes can influence soil temperature sensitivity of soil respiration (b 1 and b 2 values). Soil temperature sensitivity was reduced significantly by the EP Table 5 . Relationships of soil respiration (µmol CO 2 m −2 s −1 ) with soil temperature ( • C) and soil moisture (% vol.) using a combined exponential and quadratic function (R = (a 2 M 2 + c 2 M + d 2 ) exp(b 2 T ), where R is soil respiration, T is soil temperature, M soil moisture, and a 2 , b 2 , c 2 and d 2 the functional coefficients; especially the b 2 value can be directly considered as the parameter related to the temperature sensitivity of soil respiration) under different seasons and precipitation treatments at the DNR forests (parameter estimate ± standard error). The treatments are as follows: precipitation exclusion (EP), ambient precipitation (AP), and double precipitation (DP). The forests are as follows: broadleaf forest (BF), mixed forest (MF), and pine forest (PF). R 2 is the coefficient of determination. Numbers in bold indicate the level of function fitting is significant (p < 0.05). Different superscripted letters in each forest site within a column denote significant difference (p < 0.05) among precipitation treatments. (Tables 4 and 5 ). One of the reasons for the lower temperature sensitivity was that drought reduces contact among the substrate, the extracellular enzymes and the microbes involved in decomposition (Jassal et al., 2008) . The EP treatment significantly reduced soil microbial biomass in all three forest sites ( Fig. 4 ; Table 2). Another reason was that drought could reduce substrate supply by a decrease in photosynthesis (Harper et al., 2005; Jassal et al., 2008) , which decreases translocation of recent photosynthates to the rhizosphere (Högberg et al., 2001; Bhupinderpal-Singh et al., 2003) . Significant decreases of fine root biomass were also revealed in our EP plots across all three forest sites ( Fig. 4 ; Table 3 ). We also found that the DP treatments in the BF and MF reduced temperature sensitivities in the wet season (Tables 4  and 5 ). This might be related to the decreases in soil aeration and soil oxygen concentration due to high soil moisture (Cleveland et al., 2010) . Due to the subtropical monsoon climate, forests at the DNR receive an abundance of heat, light, and water resources in the wet season (Ding et al., 2001) . Soil respiration response to temperature in these moist forests is often limited by soil oxygen concentration and substrate during the wet season (Schwendenmann and Veldkamp, 2005; Yan et al., 2009; Deng et al., 2011) . In the PF where soil moisture was still low even in the wet season, enhanced soil moisture due to the DP treatment might have no effect on soil aeration and soil oxygen concentration, and hence did not change soil temperature sensitivity. Moreover, enhanced fine root biomass under the DP treatment may increase substrate supply (Högberg et al., 2001; BhupinderpalSingh et al., 2003) , stimulate microbial activity (Fig. 4) , and in turn offset the negative effect of the DP treatment on soil temperature sensitivity in the PF. It will be useful for further studies to evaluate effects of precipitation on plant productivity associated with soil respiration functional change. Similar to many previous studies (Boddy, 1983; Orchard and Cook, 1983; , using a precipitation manipulation field experiment we found that temperature sensitivity of soil respiration peaked at intermediate soil water content, and declined under both wetter and drier conditions.
The moisture sensitivities of soil respiration were also significantly influenced by precipitation treatments, and showed rising trends with precipitation decrease in the three forest sites (Table 4 ; Fig. 3) . Similarly, many studies have shown that, when soil moisture was within a site-specific threshold, soil temperature is typically a reliable predictor of soil respiration. In the presence of a drought, however, soil respiration is more sensitive to soil moisture (e.g., Moncrieff and Fang, 1999; Xu and Qi, 2001; Curiel Yuste et al., 2003; . The response mechanism of soil moisture sensitivity to precipitation change is still unclear. Two biological processes may help explain the shift in soil moisture sensitivity in this study. First, fungi can tolerate greater water stress than can bacteria due to their filamentous nature (Holland and Coleman, 1987) . Previous research has reported high fungal activity under drier and warmer soils, while high bacteria activity under moister and colder soils (Zhang et al., 2005; Yuste et al., 2011) . Shifts in soil microbial community structure could effect the water requirement for litter and soil organic matter decomposition, and alter moisture sensitivity of soil respiration. Second, root growth response to drought may compensate by enhancing water use efficiency and capturing water in deep soil under high water conditions (Espeleta and Clark, 2007; Lima et al., 2010) .
The findings of shifts in soil temperature and moisture sensitivities could have potential implications for climatecarbon modeling, as uncertainty remains regarding environmental controls over soil respiration. While much controversy surrounds the effect of warming on the temperature sensitivity of soil respiration (e.g., Luo et al., 2001; Conant et al., 2008; Reth et al., 2009) , our results highlighted the relative importance of precipitation and seasonal variation in determining the responses of soil respiration to not only soil temperature, but also to soil moisture. Lower temperature sensitivity indicated that soil respiration would have limited response to climate warming. High moisture sensitivity under drought conditions indicated that soil respiration would decrease more strongly if soil moisture continues to reduce. Ecosystem modeling that does not include this change in soil temperature and moisture sensitivities with precipitation or seasonal variations may produce misleading conclusions (Heimann and Reichstein, 2008; Medvigy et al., 2010; Falloon et al., 2011) .
Limitation of the study
In this study, we selected three typical forest ecosystems in the south of China and tested the effects of precipitation alteration on soil respiration. One shortcoming of the experimental design was the plot size used. We decided the plot size based on the common practices in manipulation experiments, availability of adequate plots for building precipitation interception and redistribution facility, and heterogeneity of plots. While the 3 m × 3 m plots were employed for drought treatments (EP), it is difficult to detect the whole ecosystem responses -mainly deep root respiration. Thus, the inferences regarding to the response of autotrophic respiration to drought should be read with caution. Further studies are needed to draw rigorous conclusions regarding forest ecosystem responses using larger plots.
Conclusions
Using a precipitation manipulation field experiment, we found that soil respiration in subtropical forests was responsive to precipitation, but the response pattern was nonlinear depending on either seasons or forest types. Precipitation alteration could modify both temperature and moisture sensitivities of soil respiration. Considering variation of precipitation intensity and seasonal pattern in subtropical China , the contrasting seasonal responses of soil respiration to precipitation and the shifts of moisture or temperature sensitivities of soil respiration may have large impacts on subtropical forest ecosystem carbon cycling and feedback to climate change. Our results indicated that soil respiration would decrease in the subtropical forests if soil moisture continues to decrease in the future. More rainfall in the wet season could have limited effect on the response of soil respiration to climate warming. Table A1 . Relationships of soil respiration rate (R, µmol CO 2 m −2 s −1 ) and soil temperature at 5 cm depth (T , • C) using an exponential equation (R = R 0 exp(bT ), where parameter R 0 is basal soil respiration when T = 0, and b 0 is related to soil temperature sensitivity (Q 10 = exp(10b 0 )) (parameter estimate ± standard error) under different seasons and precipitation treatments at the DNR forests. The treatments are as follows: precipitation exclusion (EP), ambient precipitation (AP), and double precipitation (DP). The forests are as follows: broadleaf forest (BF), mixed forest (MF), and pine forest (PF). R 2 is the coefficient of determination. Numbers in bold indicate the level of function fitting is significant (p < 0.05). Different superscripted letters in each forest site within a column denote significant difference (p < 0.05) among precipitation treatments. Table A1 . Table A2 . Relationships of soil respiration (R, µmol CO 2 m −2 s −1 ) and soil moisture of the top 5 cm soil layer (M, % vol.) using a linear regression equation (R = a +cM, where parameter a is intercept, basal soil respiration when M = 0; and c is slope of regression representing the soil moisture sensitivity of soil respiration) (parameter estimate ± standard error) under different seasons and precipitation treatments at the DNR forests. The treatments are as follows: precipitation exclusion (EP), ambient precipitation (AP), and double precipitation (DP). The forests are as follows: broadleaf forest (BF), mixed forest (MF), and pine forest (PF). R 2 is the coefficient of determination. Numbers in bold indicate the level of function fitting is significant (p < 0.05). Different superscripted letters in each forest site within a column denote significant difference (p < 0.05) among precipitation treatments. Tables A2 and A3. Table A3 . Relationships of soil respiration (µmol CO 2 m −2 s −1 ) and soil moisture of the top 5 cm soil layer (% vol.) using a quadratic function (R = a 0 M 2 +c 0 M+d 0 , where R is soil respiration, M soil moisture, and a 0 , c 0 and d 0 are constants) (parameter estimate ± standard error) under different seasons and precipitation treatments at the DNR forests. The treatments are as follows: precipitation exclusion (EP), ambient precipitation (AP), and double precipitation (DP). The forests are as follows: broadleaf forest (BF), mixed forest (MF), and pine forest (PF). R 2 is the coefficient of determination. Numbers in bold indicate the level of function fitting is significant (p < 0.05). Different superscripted letters in each forest site within a column denote significant difference (p < 0.05) among precipitation treatments. Table A4 . Coefficient (R 2 ) of measured soil respiration (R) to soil temperature (T ) and moisture (M) using different combined models at the DNR forests with control plots. 
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